Human posttraumatic epilepsy (PTE) is highly heterogeneous, ranging from mild remitting to progressive disabling forms. PTE results in simple partial, complex partial, and secondarily generalized seizures with a wide spectrum of durations and semiologies. PTE variability is thought to depend on the heterogeneity of head injury and patient's age, gender, and genetic background. To better understand the role of these factors, we investigated the seizures resulting from calibrated fluid percussion injury (FPI) to adolescent male Sprague--Dawley rats with video electrocorticography. We show that PTE incidence and the frequency and severity of chronic seizures depend on the location and severity of FPI. The frontal neocortex was more prone to epileptogenesis than the parietal and occipital, generating earlier, longer, and more frequent partial seizures. A prominent limbic focus developed in most animals, regardless of parameters of injury. Remarkably, even with carefully controlled injury parameters, including type, severity, and location, the duration of posttraumatic apnea and the age and gender of outbred rats, there was great subject-to-subject variability in frequency, duration, and rate of progression of seizures, indicating that other factors, likely the subjects' genetic background and physiological states, have critical roles in determining the characteristics of PTE.
Introduction
Human posttraumatic epilepsy (PTE) varies greatly in its progression, semiology and severity, but the reasons for this are unclear. Seizures may appear days to decades after injury (Caveness 1963; Jabbari et al. 1986; Annegers et al. 1998; Christensen et al. 2009) , with variable frequency of occurrence and patterns of evolution Aarabi et al. 2000; Eftekhar et al. 2009 ). Some forms of PTE have low seizure frequency and remit spontaneously (20--26%; Aarabi et al. 2000; Eftekhar et al. 2009 ), some are stable (~70%; Salazar et al. 1985) , while others are progressive and lead to increasing disability (~10%; Salazar et al. 1985) . PTE may also have a late relapse, sometimes after 10 years or more (Walker 1962; Weiss and Caveness 1972) . PTE patients may have a single or multiple epileptic foci, most often in the frontal or the temporal lobe (Marks et al. 1995; Wohlrab et al. 1997; Diaz-Arrastia et al. 2000; Hudak et al. 2004; Diaz-Arrastia et al. 2009 ) and may present with very localized or spreading focal seizures (Caveness 1963; Weiss and Caveness 1972; Walker and Blumer 1989) . Ictal behaviors depend on the location of the epileptic focus, the pattern of seizures' spread and their duration and manifest as simple partial (Becker et al. 1979; Salazar et al. 1985 Salazar et al. , 1995 Jabbari et al. 1986 ; Pohlmann-Eden and Bruckmeir 1997), complex partial, or secondarily generalized tonic--clonic seizures (Caveness and Liss 1961; Becker et al. 1979; Salazar et al. 1985 Salazar et al. , 1995 Wohlrab et al. 1997 ). This heterogeneity in human PTE has been proposed to depend on variation in the type, location, severity, number of initiating injuries and of secondary insults, as well as on the different genetic backgrounds, ages, and genders of the victims (Caveness 1963; Caveness et al. 1979) . In support of this hypothesis, subsequent work showed that the probability of developing PTE depends on the severity and type of the injury, particularly on the presence of penetrating injury, intraparenchymal hemorrhage, and acute seizures (Annegers et al. 1998; Herman 2002; Englander et al. 2003; Temkin 2003; Christensen et al. 2009 ). Other work has highlighted the influence of genetic background (Noebels 2003; Sutula 2004; Diaz-Arrastia and Baxter 2006) , age (Annegers et al. 1980; Oztas et al. 1990; Frey 2003; Christensen et al. 2009; Jyoti et al. 2009; Kelly 2010) , and gender (Brandt et al. 2003; Christensen et al. 2005 ) on epileptogenesis. However, the fundamental mechanisms causing the great subject-to-subject variability in PTE are still unclear. While several aspects of traumatic brain injury (TBI) are known to be epileptogenic (Willmore and Ueda 2009) , including intraparenchymal hemorrhage (Lee et al. 1997; Seiffert et al. 2004; Maggio et al. 2008) , ischemia (Epsztein et al. 2008) , hypoxia (Kadam et al. 2010) , excitotoxicity (Gupta and Gupta 2006) , inflammation (Vezzani et al. 2008) , and oxidative stress (Costello and Delanty 2004) , human studies are typically limited by inadequate information on the mechanical details of the injuries and neither clinical nor experimental studies have determined which factor is primarily responsible for the observed variability in PTE. Therefore, animal models based on realistic etiologies that reproduce human head injury and PTE are needed to investigate the causes of this variability. The fluid percussion injury (FPI) mechanically reproduces human blunt contusive closed head injury and its pathological consequences (Thompson et al. 2005) . The site of injury affects FPI sequelae, including cognitive effects, hippocampal damage, and distribution of reactive astrocytosis (Vink et al. 2001; Floyd et al. 2002) . Consistent with this variability, FPI also appears to reproduce the variability of human PTE. Frontal parasagittal FPI resulted in a high incidence of epilepsy and a high frequency of nonconvulsive partial seizures emerging in the early weeks after injury, progressing in frequency and duration, and leading to dual pathology with frontal and limbic seizures (D'Ambrosio et al. 2004 (D'Ambrosio et al. , 2005 (D'Ambrosio et al. , 2009 ). Conversely, more severe parietal FPI in older rats was reported to induce lower epilepsy incidence and seizure frequency, with limbic seizures with tonic--clonic convulsions but no neocortical epilepsy (Kharatishvili et al. 2006) . However, significant differences in FPI methodology and in the monitoring and evaluation of seizures prevent meaningful comparisons of these results from different laboratories.
The purpose of the current study is to better understand how head injury variants determine the variability of PTE and standardize the FPI model of PTE. We carefully controlled experimental conditions to systematically examine 1) whether FPI delivered at different locations or intensities results in different PTE syndromes and 2) which part of the cortex is more prone to epileptogenesis. We recorded the videoelectrocorticography (ECoG) for up to 5 months postinjury and probed the epileptogenicity of a single event of FPI delivered at 2 different intensities to frontal, parietal, and occipital parasagittal cortices.
Materials and Methods

Animals
This work used 99 outbred male Sprague--Dawley rats (age 33--35 days; Charles Rivers) housed in a specific pathogen-free facility 2--3 per cage to allow socialization, under controlled conditions of temperature and humidity and a 12 h/12 h light/dark cycle. Water and food were available ad libitum. All procedures were approved by the University of Washington Institutional Animal Care and Use Committee.
FPI FPI was performed as previously described (D'Ambrosio et al. 2009 ) with care taken to ensure consistent procedure, size, shape, and location of craniotomy, absence of damage to the dura and that no air bubbles were present in the cannula or Luer-Lok connection of the pressure cylinder that could dampen the pressure wave shock and diminish the injury severity. Six different experimental groups were used with 3 different locations of FPI at 2 different mechanical severities. Rats were anesthetized in a plexiglass chamber with 4% halothane, intubated, thereafter kept anesthetized with halothane (1--1.5% halothane, 30% oxygen, and air) and mounted on a stereotaxic frame. A heating pad kept rectal temperature constant at 37°C. A 3-mm burr hole (Fig. 1A) was drilled 3-mm right of midline at bregma -2 mm (rostral parasagittal; rpFPI), bregma -4 mm (medial parasagittal; mpFPI), or bregma -6 mm (caudal parasagittal; cpFPI). Temporal FPI could not be studied because temporal implantation of the cannula would require the resection of chewing muscles, which the animals would not survive. Immediately before injury, animals were removed from the stereotactic frame, disconnected from the ventilator, and a 8-ms pressure pulse of either 2.0 atm or 3.4 atm peak pressure was delivered with the FPI device (Scientific Instruments). The pressure pulse was monitored on an oscilloscope at high temporal resolution with an analog pressure transducer (Entran EPN-D33-100P-IX, Measurement Specialties Inc.) and digitally stored to assess trial-to-trial variability. As in our previous studies, the pendulum and the piston were carefully lubricated and accurately positioned to ensure reproducibility of the pressure wave shock. The acute posttraumatic period of apnea was set at 10 s to standardize the effects of posttraumatic hypoxia, after which the animals were reconnected to the ventilator and ventilated with an oxygen/air mixture until spontaneous breathing resumed. Shaminjured animals underwent the exact same procedure except that the FPI device stopcock was closed when the pressure pulse was generated. Animals were then extubated, the wound site closed, and righting reflexes monitored.
Electrode Implantation and Video -ECoG One week after injury, animals were intubated and anesthetized with halothane (1--1.5%) while guiding craniotomies~Ø = 0.75 mm were drilled and 5 epidural electrodes (stainless-steel screws of Ø = 1 mm) implanted for chronic video-ECoG. One midline electrode in the frontal bone was used as reference, and 2 electrodes were placed at level of frontal (bregma 0 mm) and parietal/occipital cortices (bregma -5 mm for the ipsilateral side and -7 mm for the contralateral side), 4.5--5 mm from the midline (Fig. 1A) . Each electrode was connected with insulated wire to a gold-plated pin in a plastic pedestal, and the entire assembly cemented onto the skull with dental acrylic. Rats were housed separately after implantation to preserve headsets. Lost headsets were reimplanted once, if possible, otherwise animals were included in the study only until the last day of recording. Electrical brain activity was amplified (35000) and filtered (0.3 Hz high-pass, 100 Hz low-pass) using a Neurodata 12 or a M15 amplifier (Grass Instruments), acquired at 512 Hz per channel with DT3010 acquisition boards (DataTranslation Inc.), stored, and analyzed on computers equipped with SciWorks and Experimenter V3 software (Datawave Technologies Inc.). All ECoG recordings lasted at least 24 h, to fully sample the circadian cycle, with each animal monitored for the same amount of time weekly from 2 to 19 weeks postinjury. Video was recorded with VCRs using one digital camera for each pair of cages (1 animal per cage) to detect subtle changes in behavior.
Quality Control of Surgical Procedures
As in previous work, we took precautions to ensure that epileptiform ECoG events were induced by FPI and not by cortical damage for heating or compression due to substandard drilling or epidural electrode implantation. The skull and drill bit were cooled during drilling with room temperature sterile saline and care taken to never deform the skull or the dura with the drill bit. The depth of epidural electrodes was carefully adjusted to avoid brain compression. As previously described (D'Ambrosio et al. 2005 (D'Ambrosio et al. , 2009 ) glial fibrillary acidic protein (GFAP) immunostaining was performed in most FPI and sham-injured animals after the completion of recordings. Cases of neocortical damage due to electrode implantation, as indicated by~0.5-to 1.5-mm diameter focal GFAP + astroglial reactivity under the electrodes (D'Ambrosio et al. 2009 for illustration), were excluded from analysis.
Identification of Seizures and Definitions
Several well-trained raters manually analyzed video-ECoG data, acquired at 3 time points (2--3, 8--9, 17--19 weeks after injury) from the 6 different experimental groups. Seizures were characterized by epileptiform ECoG patterns with trains of 150-to 250-ms long spikes with amplitudes at least twice the previous 2-s baseline and were never seen in sham-injured animals. Seizures occurring within 5 s of each other were defined as one seizure event. Consistent with our previous demonstration of short clinical seizures in both rat and humans (D'Ambrosio et al. 2009 ), seizure durations ranged 1--144 s. Events with stereotyped behavioral changes coinciding with epileptiform ECoG activity were clinical seizures, but some seizures had no overt behavioral change (subclinical seizures). Behavioral changes without a simultaneous epileptiform ECoG were not considered seizures. As all FPI animals were at risk of developing PTE, we diagnosed epilepsy upon their first proven ictal event (Beghi et al. 2005; Fisher et al. 2005; Fisher and Leppik 2008) . Animals that did not show seizures were counted as not epileptic only through the last day of recording. Cases of remission from PTE were defined as animals that had no seizures in 3 or more 24 h recordings from a certain period of time onward. While no amount of recordings and electrodes can ever prove an animal to be truly seizure free, 72 h recordings by 5-electrode ECoG was deemed adequate for this study. All identified cases of remission were included in the group analysis of seizure frequency, progression of PTE, and apparent focus location, unless specified otherwise. ECoG seizures were categorized as: 1) grade 1 (G1), if limited to a neocortical focus; 2) grade 2 (G2), if appearing first in a limited neocortical area and then spread to other cortical areas; 3) grade 3 (G3), if appearing bilateral at their neocortical onset. Based on a previous study performed using acute paired epidural and depth-electrode recordings (D'Ambrosio et al. 2005 ), G1 and G2 seizures are likely neocortical, while G3 seizures are of limbic origin. In accord with previous work (D 'Ambrosio et al. 2004 'Ambrosio et al. , 2005 , agedependent idiopathic seizures, typically 1-to 10-s long, bilateral in onset, with a sharp-wave pattern that was larger in amplitude in the parietal--occipital cortex, were not seen in this study because that seizure type typically appears no earlier that~5--6 months of age.
Behavioral Analysis
The semiology of the behavior associated with electrical seizures was classified with the behavioral scale previously developed for rpFPI (D'Ambrosio et al. 2005 (D'Ambrosio et al. , 2009 ): 0 = no detected behavioral change (subclinical); 1 = freeze-like motion arrest of the whole body with no alteration in body posture, and with the head and neck maintaining their posture; 2 = freeze-like pause in behavior as in class 1 but accompanied by facial automatisms (twitching of vibrissae, sniffing, eye blinking, jaw automatisms); 3 = head nodding without change in body posture; 4 = body myoclonus without change in body posture; 5 = interruption of normal behavior with loss of posture consisting of the rat crouching down with its whole body, typically with head propped on forelimbs, and losing posture of the neck and head, or rare cases of falling atonia; 6 = behavioral arrest as in class 5 but followed by motor manifestations (facial automatisms, contralateral limb dystonia, or myoclonus); 7 = tonic--clonic convulsion; and 8 = partial status epilepticus, defined as cluster of seizures lasting at least 30 min. For neocortical seizures (G1 and G2), the electrographic onset was simultaneous with the behavioral onset of the seizure. For limbic seizures (G3), the behavioral onset preceded by 1--20 s the electrographic onset of the seizure, as expected for origination from a subcortical focus.
GFAP Immunoreactivity
Animals were deeply anesthetized and perfused transcardially with 4% paraformaldehyde in phosphate-buffered saline (PBS). Brains were removed, postfixed, and cryoprotected in sucrose in PBS. Free floating coronal sections (30 lm) were treated to block nonspecific staining and incubated with rabbit GFAP antibody (1:4000 dilution; Dako). Secondary antibody treatment included overnight incubation in a 1:300 Note that FPI at all locations results in comparable acute mortality when animals are mechanically ventilated after injury. (E) The incidence of PTE increases over time after injury in all experimental groups and depends on the severity of injury (2.0 vs. 3.4 atm) but not on the location of FPI. On the left, the cumulative probability of detecting seizures (G1, G2, and G3) in FPI rats and in sham-injured rats is plotted versus time after injury. On the right, the cumulative probability of detecting unprovoked spreading seizures (G2 and G3) in FPI and sham-injured rats is plotted versus time after injury. Asterisks indicate significant differences in the cumulative incidence of seizures between rats injured at 2.0 atm and rats injured at 3.4 atm. (F) Histograms show percentage of remitters after injury at different locations (left panel) and after injury at 2.0 and 3.4 atm (right panel). n.s. indicates no significance. (G) Remitters (Rem) had low preremission seizure frequency, had few G1 seizures, and virtually no G2 and G3 seizures. Nonremitters (Non Rem) presented with varying and often high frequency of seizures of all types over the period of study.
solution of biotinylated goat rabbit immunoglobulin (IgG). Biotin/ avidin/horseradish peroxidase complexes were formed by incubation in a 1:500 Elite ABC kit (Vector Labs). Sections were then developed in 3,3-diaminobenzidine with H 2 O 2 , mounted on glass slides, air dried, dehydrated through alcohols, cleared in xylene, and cover slipped. At least 6 coronal sections that included electrode coordinates were examined per animal.
Morphological Analysis
Hippocampal and temporal cortex atrophy were assessed by evaluating the ipsilateral versus contralateral asymmetry of the maximal axes of the hippocampus and thickness of the cortex, in GFAP-stained sections. Size and shape of the rhinal fissure were used to ensure slices were cut perfectly coronally. Sections that did not satisfy this requirement were discarded from analysis. The scale previously reported (D'Ambrosio et al. 2005 ) was used to define asymmetry levels: ''negligible,'' ''mild,'' ''moderate,'' and ''pronounced.''
Statistical Analysis
All data are presented as mean ± standard error of the mean, and n indicates number of rats unless otherwise specified. To evaluate the effects of different trauma severities, different FPI pressures were compared at the same FPI location. To evaluate the effects of different FPI locations, different FPI locations were compared with the same FPI pressure. Sham-injured rats receiving craniotomy in the 3 different locations were pooled together as one control group for all experimental cases. On some occasions, seizure frequency data were logarithmically transformed to facilitate graphical presentation. Since the logarithm of zero is -N and observing no seizures in a finite period of time only suggests a seizure frequency of less than one event per observation period, observations of zero seizures were assigned a floor value of 1 per observation duration (in hours). Statistical tests (t-test for unpaired data, Mann--Whitney U test, linear regression, bivariate correlation, Fisher's Exact test) were performed with SPSS 8.0 (SPSS Inc.). A P < 0.05 was considered significant.
Results
For analysis of the effect of site and severity of injury, 67 animals were prepared: rpFPI (n = 7 injured at 2.0 atm and n = 10 at 3.4 atm), mpFPI (n = 7 at 2.0 atm and n = 12 at 3.4 atm), cpFPI (n = 11 at 2.0 atm and n = 15 at 3.4 atm), and sham-injury animals (n = 5). We also included an independent batch of animals (5 shams and 18 rpFPI injured at 3.4 atm) from a previous analysis of the temporal evolution of rpFPI-induced PTE (D'Ambrosio et al. 2005) . In all, 89 FPI and 10 sham-injured animals were examined. Nine FPI rats died acutely after injury and are included only for calculating of mortality rate. A total of 7963 h of ECoG recordings were obtained from the surviving animals from 2 to 19 weeks after FPI.
FPI Reproducibility, Righting Time, and Acute Mortality FPI was delivered to frontal, parietal, and occipital cortices ( Fig. 1A ) with a pressure pulse that was highly reproducible in amplitude, duration, and area. A pilot study demonstrated that 3.4 atm FPIs (n = 23) were delivered with a peak pressure amplitude of 3.40 ± 0.01 atm, a duration of 8.03 ± 0.02 ms, and an integrated area of 14.53 ± 0.06 atmÁms (Fig. 1B) . Thus, the peak pressure changed from trial to trial less than 6%, and the integrated pressure over the duration of the pulse changed less than 7%. As determined by the pressure wave shock profile, experimental injuries in the present study were delivered with peak pressure amplitudes of either 2.00 ± 0.02 atm (n = 25) or 3.35 ± 0.01 atm (n = 55). In humans, duration of loss of consciousness is used as a functional measure of the severity of trauma. In rodents, an analogous measure is the righting time after injury. Sham-injured rats (n = 10) righted in 1.0 ± 0.3 min, while rats injured at 2.0 (n = 25) and 3.4 atm (n = 55) righted in 7.0 ± 0.4 min and 11.6 ± 0.6 min, respectively ( Fig. 1C) , indicating that the functional severity of trauma is proportional to the mechanical intensity of the insult, with the small variance in righting time within a group a good indication of FPI reproducibility. There was no acute ( <1 week) mortality following technically successful sham injuries (n = 10) and mortality ranged 9.5 to 10.3% following rpFPI (n = 39), mpFPI (n = 21), and cpFPI (n = 29; Fig. 1D , left panel). Acute mortality was 7.4% and 11.3% after trauma at 2.0 atm (n = 27) and at 3.4 atm (n = 62), respectively, but this difference was not significant (P = 0.7, Fisher's Exact Test; Fig.  1D , right panel).
Incidence of PTE
The cumulative probability of developing PTE increased over time for all experimental groups (Fig. 1E , left panel) but did not differ significantly among rpFPI (n = 28), mpFPI (n = 12), and cpFPI (n = 15) rats injured at the same pressure (all P > 0.05, Fisher's Exact Test) . No sham-injured animals developed epilepsy within 18 weeks of observation (n = 10). More severe trauma resulted in a higher probability of PTE (Fig. 1E , left panel). When data obtained from different locations of injury were combined (n = 25 at 2.0 atm, n = 55 at 3.4 atm), the cumulative probabilities of epilepsy after 2.0 atm injury was significantly lower than after 3.4 atm injury at 3, 9, and 19 weeks postinjury (P < 0.005, Fisher's Exact Test). Latencies for development of seizure after injury was variable, ranging <2--18 weeks for rpFPI, <2--19 weeks for mpFPI, and <2--17 weeks for cpFPI. The cumulative incidence of G2 and G3 seizures, which spread to wider areas of the brain, increased with time postinjury for all experimental groups (Fig. 1E , right panel). Early after injury, it was significantly higher for rats receiving more severe injury (n = 52) than for those receiving milder trauma (n = 25; P = 0.043, Fisher's Exact Test) and remained nominally higher at week 9 (P = 0.077) and at week 19 (P = 0.46, Fisher's Exact Test). Thus, the incidence of spreading seizures is higher after severe injury, particularly in the first 8 weeks.
Probability of Remission from PTE
Cases of remission occurred after rpFPI (1/17; 5.9%), mpFPI (4/ 12; 33.3%), and cpFPI (3/14; 21.4%; Fig. 1F ). Following FPI at 2.0 and 3.4 atm, remission was observed in 12.5% (2/16) and 25.9% (7/27) of injured rats, respectively. While remission was less frequent after 3.4 atm rpFPI (1/12) than after 3.4 atm mpFPI and cpFPI (5/15, combined), there were no significant group differences (all P > 0.13, Fisher's Exact Test). All remitters were characterized by low preremission seizure frequency (0.2 ± 0.1 events/h; range 0.04--0.7/h), while seizure frequency for nonremitters tended to be much higher (2.8 ± 0.6 events/h; range 3/week--14/h; Fig. 1G ). Remitters also presented with only one type of seizure, and no animal with more than one seizure type went into remission. Specifically, 6 of 8 remitting FPI rats had only G1 seizures (range: 1--17 events; median: 3 events) and the 2 remaining remitters had just 1 G3 seizure, each.
Temporal Progression of Seizure Frequency
The duration of clinical seizures in FPI rats ranged widely (Table 1 Fig. 2A,C , and E), with a similar distribution when only G2 and G3 spreading seizures are considered (Fig. 2B ,D, and F ). Only rostral parasagittal injury resulted in significant numbers of chronic seizures in the early weeks postinjury, suggesting that the frontal neocortex experiences more rapid epileptogenesis.
Further analyses of seizure frequency progression were performed by combining all seizure durations for different seizure types (G1, G2, G3; Fig. 3 ). Following 3.4 atm rpFPI, the frequency (events/hour) of G1 seizures decreased from 3.0 ± 1.1 (n = 26) at 2--3 weeks to 0.4 ± 0.1 (n = 15) at 17--19 weeks postinjury; the frequency of G2 events increased from 0.2 ± 0.1 at weeks 2--3 post-FPI to 3.2 ± 0.9 at weeks 17--19, respectively (Fig. 3A,B) . The frequency of focal neocortical seizures (grades 1 and 2 combined) thus remained stable over the entire 19 weeks of observation (2.9--3.6 events/h), suggesting that the epileptic neocortical focus was fully developed just 2--3 weeks after 3.4 atm rpFPI (Fig. 3D) . The mean frequency of neocortical seizures (G1 and G2) after rpFPI was much higher than after mpFPI (weeks 2--3: P < 0.0001; weeks 8--9: P = 0.014; weeks 17--19: P = 0.1; unpaired t-test after log transform; Fig.  3D ) or cpFPI (weeks 2--3: P < 0.0001; weeks 8--9: P = 0.021; weeks 17--19: P = 0.025; unpaired t-test after log transform; Fig.  3D ). These data suggest that the neocortical focus develops faster after injuries in the frontal cortex than in medial parasagittal and caudal parasagittal cortices. Regardless of injury location, limbic seizures (G3) contributed little to the epileptic syndrome up to~2 months post-FPI, accounting for at most 0.06 ± 0.03 events/h at 8--9 weeks (Fig. 3C) . Nonetheless, the frequency of G3 seizures was higher in rpFPI rats than in mpFPI and cpFPI animals during this time period (all P < 0.024, unpaired t-test after log transform). At 17--19 weeks postinjury, following a period of limbic epileptogenesis, the frequency of G3 seizures increased to 1.3 ± 0.4, 0.16 ± 0.10, and 0.79 ± 0.42 events/h after rpFPI, mpFPI, and cpFPI, respectively. At this time, the frequency of limbic seizure after rpFPI significantly exceeded that in mpFPI (P = 0.028, unpaired t-test after log transform) but not cpFPI rats. Thus, limbic epileptogenesis is delayed compared with that in neocortex. The overall frequency of seizures was lower after milder (2.0 atm) than more severe (3.4 atm) trauma (Fig. 3F ) . After rpFPI at 2.0 atm, seizures initially occurred at much lower frequency than after rpFPI at 3.4 atm: 0.22 ± 0.18 events/h (P = 0.004) at 2--3 weeks postinjury, 0.45 ± 0.45 events/h (P = 0.014) at 8--9 weeks postinjury, and 2.14 ± 1.06 events/h (P = 0.6, unpaired t-test after log transform) at 17--19 weeks postinjury. These data suggest that seizure frequency is higher after more severe trauma and that PTE induced by moderate rpFPI progresses over time, although at a slower pace than PTE from severe rpFPI. To better appreciate the overall progression of PTE after injury in different locations, we plotted the frequency of all seizures (neocortical and limbic) at different times after injury. Only rats that were epileptic at week 2--3 and were recorded at all time points were included in this analysis (Fig. 3G) . The frequency of seizure at 2--3 weeks after 3.4 atm FPI was higher after rpFPI (n = 10) than after mpFPI (n = 5; P = 0.008, unpaired t-test after log transform) or cpFPI (n = 4, P = 0.001, unpaired ttest after log transform), indicating more rapid early progression after rostral injury.
We found that 1) rpFPI generated higher seizure frequency than mpFPI and cpFPI, 2) 3.4 atm injury generated higher seizure frequencies than 2.0 atm injury. These studies were carried out over many months. To control for an effect of time, we also compared the frequencies of neocortical seizures in this study with those observed in a recent study that was based on different rpFPI 3.4 atm animals (n = 51; Eastman et al. 2010) . We confirmed that the observed differences remained statistically significant when this alternative data set was used: seizure frequency of rpFPI 3.4 atm versus mpFPI 3.4 atm (P = 0.005), rpFPI 3.4 atm versus cpFPI 3.4 atm (P = 0.0015), and rpFPI 3.4 atm versus rpFPI 2.0 atm (P = 0.015). Thus, the findings are independent of time.
Dependence of Seizure Frequency on Mechanical Injury and Righting Time
To assess the relationships between neocortical epileptogenesis and the mechanical and functional severity of injury, the 2--3 week postinjury seizure frequencies for the 6 experimental groups were plotted against the average peak pressures from the FPI pressure transducer (Fig. 3H ) and also against mean righting times (Fig. 3I ). Moderate (2 atm) injuries producing comparable postinjury righting times induced a low frequency of seizure regardless of location, while 3.4 atm injury resulted in higher seizure frequencies than the comparable 2 atm injuries. However, a much higher frequency of seizure was obtained after 3.4 atm rpFPI than after mpFPI or cpFPI, despite comparable mechanical and functional injuries at all 3 locations. This suggests that the frontal cortex may be particularly prone to epileptogenesis after severe injury.
Rat -to -Rat Variability of the Temporal Progression of Seizures
To determine whether variability in FPI mimics variability in human PTE, we examined the animal-to-animal variability in progression of FPI-induced PTE. Plots of individuals' frequencies of neocortical (Fig. 4A ) and limbic seizures (Fig. 4B ) revealed a highly variable epilepsy progression in animals injured with same location and severity of FPI. We observed rats with low neocortical seizure frequency 2--3 weeks postinjury with rapid worsening to high seizure frequency by weeks 17--19; rats with high seizure frequency at weeks 2--3 that did not progress; and rats that displayed a decreasing frequency of seizure that, in some cases, qualified as epilepsy remission. RpFPI rats injured at 3.4 atm had neocortical seizure frequencies that ranged widely. Conversely, neocortical seizure frequencies at weeks 2--3 were low for rpFPI rats injured at 2.0 atm and for mpFPI and cpFPI rats injured at 2.0 and 3.4 atm (Fig.  4A) . Rat-to-rat variability in progression of neocortical epilepsy was observed in each group suggesting that the frequency of chronic seizures in the early weeks and months postinjury is a poor predictor of the progression of neocortical epilepsy. The frequency of limbic seizures was comparably low in all groups through 8--9 weeks post-FPI (Fig. 4B) . A subsequent rise in the frequency of limbic seizures at 17--19 weeks post-FPI varied both between groups and among identically treated individuals.
The rat-to-rat variability in the temporal progression of seizure type severity was further examined in epileptic rats that were recorded at each time point (Fig. 4C) . A vector plot was produced in which seizure type was represented by the thickness of the vector and the relative proportion of each seizure type by its length. Vectors were displayed at each time point postinjury. Similar to the human, we observed animals with remitting, stable, or progressive PTE.
Temporal Evolution of Seizure Types
To address whether injury location affects the evolution of epilepsy, we examined the course of development of electrical seizure types in mpFPI and cpFPI (2.0 and 3.4 atm combined) and compared it with rpFPI rats. In all cases, G1 events accounted for a large proportion (65--90%) of seizures in the first 2 months after injury but just 15--30% by 17--19 weeks postinjury (Fig. 4D) . G2 seizures were a low and stable F) . Insets show the same data on a logarithmic scale. Note that seizures are frequent 2--3 weeks after rpFPI (A) but much rarer after mpFPI (C) and cpFPI (E), indicating more rapid epileptogenesis in the frontal neocortex. However, a wide range of seizure durations is a reliable feature of the PTE syndrome regardless of injury location.
proportion (~10--20%) of seizures 2--3 weeks after mpFPI and cpFPI but increased to~30--40% by 17--19 weeks. In contrast, following rpFPI, the proportion of G2 seizures increased linearly over the entire observation period (~10% at weeks 2--3,~30% at weeks 8--9, and~50% at weeks 17--19). There was a significant difference between the proportion of G2 seizures observed after rpFPI and that in pooled data from mpFPI and cpFPI groups at weeks 8--9 (n = 14 rpFPI and n = 18 mpFPI + cpFPI; P = 0.037, Mann--Whitney U test). In all groups, limbic seizures accounted for a small proportion of seizures in the first 2 months after injury and increased later.
Because seizure-induced kindling is hypothesized to have a role in the progression of human epilepsy, we investigated whether a higher frequency of neocortical seizures (G1 and G2 combined) 2--3 weeks after FPI in the frontal cortex ipsilateral to the injury was associated with an increased frequency of G3 seizures 4.5 months after trauma (Fig. 4E ). There was a significant positive correlation between the frequencies of neocortical seizures at weeks 2--3 and that of G3 seizures at weeks 17--19 after rpFPI (r = 0.49, n = 15, P = 0.03) but not after mpFPI (r = 0.46, n = 12, P = 0.07) and cpFPI (r = -0.22, n = 13, P = 0.23; all Pearson correlations after log transform, 1-tailed), even though cpFPI had a frequency of G3 seizures comparable with that rpFPI. These data suggest that the neocortical focus induced by rpFPI may kindle the subcortical focus driving G3 seizures. However, G3 seizures can also be induced by more caudal injuries (mpFPI, cpFPI) without evidence of frontal lobe mediated kindling.
Localization of Partial Seizure Onset
Because human PTE is often multifocal, we investigated the onset sites of cortical seizures induced by FPI (Fig. 5A ). After rpFPI, we observed a frontal dominance of neocortical seizures persisting over time. At 2--3 weeks postinjury, more than 90% of focal nonspreading seizures originated from the frontal cortex even with parietal or occipital trauma. At a later time, significantly more parietal/occipital and contralateral seizures were seen after mpFPI and cpFPI. MpFPI and cpFPI rats had . Rat-to-rat variability in progression of posttraumatic epilepsy after FPI. The frequency of neocortical seizures (A) and of limbic seizures (B) is plotted for rpFPI, mpFPI, and cpFPI rats injured at 2.0 atm and 3.4 atm. Note the variable progression of epilepsy in different subjects and the overall lower propensity to epileptogenesis after mpFPI. (C) Rat-to-rat variability in temporal progression of seizure types. Proportions of G1, G2, and G3 seizures are represented with thin, intermediate, and thick line, respectively, at all time points. No line indicates no seizures detected. Note the overall tendency to worsening of seizure type with the time postinjury but with significant rat-to-rat variability. (D) Temporal progression in the proportion of G1, G2, and G3 seizures for rpFPI, mpFPI, and cpFPI animals (2.0 and 3.4 atm combined). Note the faster increase in the frequency of G2 seizures after rpFPI. (E) Relationship between log-transformed frequencies of neocortical seizures at weeks 2--3 postinjury and limbic seizures at weeks 17--19, after rpFPI, mpFPI, and cpFPI at 2.0 atm (hollow symbols) and 3.4 atm (filled symbols). A significant correlation (Pearson; P 5 0.03) between the frequencies of early neocortical and later limbic seizures was found only for the rpFPI group. Line represents linear fitting of the data.
greater proportion of contralateral seizures compared with rpFPI animals. FPI rats may only have neocortical focal seizures (~41%), only limbic seizures (6%), or a combination of the 2 (~53%; Table 2 ).
At 2--3 weeks postinjury, depending on location of FPI, 69--77% of epileptic animals had only one neocortical focus (located 97% of the time in the frontal cortex regardless the injury location) and 23--30% had 2 foci (usually in frontal ipsiand contra-lateral cortices or in ipsilateral frontal and occipital cortices) and none presented more than 2 foci. By weeks 17--19, 20--46% of rats presented with a single focus, while the remainder had 2--4 foci in roughly equal proportions. (1--4 in the inset) after rpFPI, mpFPI, and cpFPI (2.0 and 3.4 atm combined) at 2--3, 8--9, and 17--19 weeks posttrauma. At 2--3 weeks post-FPI, G1 seizures mostly originate from frontal cortex even when trauma is applied to caudal cortex. For rpFPI rats, the frontal lobe dominance of focal seizures does not change over time after injury. Following mpFPI and cpFPI, substantial fractions of G1 seizures are detected by contralateral or nonperilesional electrodes, indicating multifocal neocortical epilepsy. Electrodes' positions in respect to the skull are shown at right. (B) Inverse correlation between the duration of focal seizures and the distance between the site of onset and the injury site. Frontal cortex G1 seizures detected by electrode 4 (filled symbols) are longer when induced by rpFPI 3.4 atm than when induced by mpFPI or cpFPI at same severity of injury, suggesting that mechanisms of seizure maintenance and termination are recruited to a greater extent when injury is delivered closer to the frontal epileptic focus. Perilesional G1 seizures induced by cpFPI at 3.4 atm (hollow symbol; detected by electrode 3) are shorter than those detected by electrode 4 after rpFPI at same severity, indicating that the frontal cortex sustains seizures better than the occipital cortex. Asterisks indicate P \ 0.05 (Mann--Whitney U test); n.s. indicates no significant difference. (C) Frequency of frontal cortex G1 seizures detected by electrode 4 (filled symbols) at weeks 2--3 and 8--9 is higher after 3.4 atm rpFPI than after mpFPI and cpFPI at the same severity. The frequency of these seizures decreases rapidly with the distance from the injury site. Perilesional G1 seizures induced by mpFPI and cpFPI at 3.4 atm (hollow symbol; detected by electrode 3) are much rarer than those induced by rpFPI, indicating that the frontal cortex is more prone to epileptogenesis after injury. (D--E) G1 seizures detected in the frontal cortex by electrode 4 after rostral or caudal injury are most commonly coincident with behavioral changes (D), typically motor arrest with or without facial automatisms, while G1 seizures originating from the occipital cortex (detected by electrode 3) were never associated with changes in behavior (E), regardless of the location of injury. n indicates number of events.
Properties of Neocortical Onset Partial Seizures
To examine the properties of the neocortex generating the focus without confounding effects of other areas involved in the spread of seizures, we examined the frequency and duration of frontal G1 seizures induced by different injury locations. Frontal cortex G1 seizures induced at 3.4 atm by rpFPI lasted longer (5.0 ± 0.3 s at weeks 8--9; n = 592 events) than when induced by mpFPI (3.9 ± 0.5 s at weeks 8--9; n = 56) or cpFPI (2.8 ± 0.4 s at weeks 8--9; n = 30). G1 seizure durations decreased linearly with the distance between the frontal cortex where the electrographic discharges began, and the center of the craniotomy where the trauma was applied (weeks 2--3: b = -0.55, r 2 = 0.004, P = 0.025; weeks 8--9: b = -0.73, r 2 = 0.005, P = 0.043, linear regression; Fig. 5B ). With caudal trauma, the G1 seizures arising in perilesional occipital cortex were shorter than the perilesional seizures with frontal injury (Fig. 5B right panel, hollow vs. filled pentagon at 2 mm from center of craniotomy). The frequency of frontal G1 events (Fig. 5C ) at weeks 2--3 and 8--9 after severe trauma was high in rats injured rostrally but decreased rapidly with distance from the site of contusive injury. Together these results suggest that frontal cortex is able to generate and maintain seizures with greater frequency than parietal and occipital cortices.
Behavioral Seizures
The semiology of human partial seizures depends on the location of the focus and the extent and regions of spread. Thus, frontal lobe seizures have different behaviors than parietal or occipital seizures. We investigated whether similar focus-dependent behavioral changes occur in the rat after FPI. Behavioral changes were seen with 80% of nonspreading frontal G1 seizures, usually consisting of arrest or loss of posture, sometimes followed by facial automatisms and body myoclonus (Fig. 5D ). Behavioral changes were never detected with focal non-spreading events originating from the caudal parasagittal cortex, consistent with the lack of motor function of the occipital cortex (n = 47 events from rpFPI and cpFPI rats; Fig. 5E ). Humans with occipital seizures often experience visual symptoms, which cannot be verified in rats. The previously published scale of behavioral correlates of partial seizures induced by rpFPI (D'Ambrosio et al. 2005 (D'Ambrosio et al. , 2009 applies equally well to mpFPI and cpFPI seizures, as no new ictal behaviors were observed after more caudal injuries.
Regardless of injury location, G1 (Fig. 6A ) and G2 (Fig. 6B ) seizures arising from the frontal cortex were most commonly associated with behavioral arrest with (behavioral class 2) or without (behavioral class 1) facial automatisms, while some G2 and most G3 seizures several months postinjury were most commonly manifested as stereotyped loss of posture with the animal crouching down on the cage floor, remaining motionless until the electrographic discharge ends (behavioral class 5; Fig. 6C ). The clinical manifestations of G3 seizures preceded the electrographic discharge by 1--20 s, consistent with origination in a subcortical focus with propagation to neocortex. In the vast majority of cases, active behavior resumed immediately at the end of the cortical electrographic discharge (Fig. 6C) , with rare postictal transition into sleep.
Structural Changes in FPI-Injured Brains
Because reactive astrogliosis is a prominent feature of human PTE and a sensitive indicator of damage, we examined GFAP immunostaining as previously described (D'Ambrosio et al. 2004 (D'Ambrosio et al. , 2005 . Brain structural changes were examined in the animals used for the study of PTE after 2.0 or 3.4 atm FPI inflicted rostrally (n = 4 and 4), medially (n = 6 and 8), and caudally (n = 9 and 10), as well as in sham-injured rats (n = 3). After 3.4 atm, rpFPI ipsilateral hippocampi and temporal cortices had varying degrees of sclerosis, even among identically injured animals (Fig. 7A,D ). In the current study, we found that the structural asymmetry in the hippocampus and temporal cortex ranged from negligible to pronounced (Fig. 7E,F) . While the trauma location did not significantly affect the severity of this hippocampal and temporal neocortical asymmetry, higher mechanical pressure caused a significantly higher temporal cortex asymmetry (P < 0.05; Fisher's Exact test; Fig. 7F, right panel) . Regardless of injury location, all FPI animals also had a consistent, yet variable increase in GFAP + immunoreactivity in the ipsilateral thalamus and corpus callosum.
Discussion
We examined the effect of location and severity of contusive closed head injury in the rat to understand factors that may contribute to the heterogeneity of human PTE. The main findings are 1) the location and severity of FPI affects the incidence and severity of PTE, 2) the frontal cortex is more susceptible to posttraumatic epileptogenesis than parietal and occipital cortices, 3) limbic epileptogenesis proceeds slower than neocortical but is a prominent component of the PTE syndrome regardless of injury location, and 4) there is wide variation among animals in the severity and course of PTE that is independent from location and severity of injury. Elucidating the role of factors hypothesized to influence human PTE and its variability (Caveness 1963; Caveness et al. 1979 ) requires examining them separately under controlled experimental conditions with clearly defined criteria for comparison of human and rat PTE.
Controlling Variables Affecting Posttraumatic Epileptogenesis
In this study, animals' age, gender, and strain were controlled and a carefully calibrated contusive closed head injury was delivered at 3 different locations with 2 different mechanical severities. Posttraumatic hypoxia was also controlled because it profoundly affects outcome and mortality in animals (Ishige et al. 1987a; Ishige et al. 1987b; Shima and Marmarou 1991) and humans (Chesnut et al. 1993; The Brain Trauma Foundation 2000; Chi et al. 2006 ) and is epileptogenic (Kadam et al. 2010 ). This was done by intubating the animals, administering a volatile anesthetic, and controlling posttraumatic apnea. This strategy is known to decrease mortality after FPI (Levasseur et al. 1989) because artificial ventilation rescues the animals from the respiratory arrest that occurs more often with caudal FPI, when the pressure shock reaches the pons (Floyd et al. 2002) . The use of respiratory support permits a controlled comparison of FPI at different locations, an overall lower mortality, as well as greater clinical relevance since humans with the most severe head injuries are rescued by intensive care to enter the pool of patients suffering from PTE.
Criteria and Limitations of Comparing Human Versus Rodent Posttraumatic Epilepsy Variants
A meaningful comparison of humans and rats PTE also requires the understanding of its potential pitfalls. First, there are species differences in the behavioral manifestations of seizures. The larger association cortices in humans means that very localized seizures are less likely to have somatosensory or motor manifestations, while seizures with purely subjective or cognitive effects in humans would be judged subclinical in a rat. However, a comparison of PTE based only on easily recognized motor events, such as tonic--clonic seizures, would miss nonconvulsive complex partial seizures (CPSs), which are a significant PTE component (Caveness et al. 1962 ; Walker 1965; Becker et al. 1979; Salazar et al. 1985 Salazar et al. , 1995 Langendorf and Pedley 1997; D'Ambrosio and Miller 2010) . Second, PTE evolves over time, but postinjury latencies cannot easily be compared across these 2 species with different maturation rates and lifespan. Most ECoG/electroencephalography (EEG) data on human PTE are obtained 17--18 years after epilepsy diagnosis (Salanova et al. 2002; Benbadis et al. 2003 ) but a rat lifespan is about 3 years. Third, all epidemiological head injury data include a wide range of ages, both genders, cases with different numbers, severities and types of head injuries, and widely varying sequelae. Even when broken down by functional severity, very diverse types of injuries (e.g., closed vs. penetrating injury; single blunt injury vs. acceleration/deceleration motor vehicle accidents), with different sequelae (e.g., ischemia/hypoxia or recurrent blood brain barrier opening) and different risk factors for PTE (e.g., intracerebral or subdural hemorrhage or acute seizures) are all grouped together. Fourth, it is difficult to accurately determine the frequency of different seizure types in patients (Langendorf and Pedley 1997) . PTE may not be identified in humans if the seizures are subtle or subclinical (Geier et al. 1977; Williamson et al. 1985a Williamson et al. , 1985b Williamson and Spencer 1986; Williamson et al. 1992; Kerling et al. 2006; D'Ambrosio et al. 2009; Dichter 2009) , and clinical studies of PTE are typically based on self-reports which can miss many seizures (Kerling et al. 2006) . Human CPSs can manifest with a wide variety of convulsive or nonconvulsive behaviors and subjective experiences or sometimes as just a lapse of response to the environment that can easily be misdiagnosed (Penfield and Jasper 1954; Swartz 1992; Leppik 1997) or confused with psychiatric conditions (Williamson et al. 1985a (Williamson et al. , 1985b Williamson and Spencer 1986) . In addition, simple partial seizures (SPSs), despite being part of the PTE syndrome (Becker et al. 1979; Salazar et al. 1985 Salazar et al. , 1995 Jabbari et al. 1986 ), are often unreported or misdiagnosed, if they have only subjective symptoms without motor activity (Devinsky et al. 1988 (Devinsky et al. , 1989 . Also, seizures with limited electrical spread are often not detected by standard 20-electrode scalp EEG but are evident in invasive ECoG recordings (Williamson et al. 1985b; Williamson and Spencer 1986; Devinsky et al. 1989; Cukiert et al. 2001; Binnie and Stefan 2003; Worrell et al. 2008) , but much of the literature is based on either behavioral assessment alone (Caveness 1963; Walker 1965) or scalp EEG based on only 4--16 electrodes (Caveness 1954; Devinsky et al. 1988) . In contrast, the present animal study uses calibrated contusive closed head injury with a controlled hypoxic period, inflicted on a homogeneous population of male juvenile rats with prospective evaluation by invasive video-ECoG in all animals. Unlike clinical studies, this study is optimized to detect all seizures making up the PTE syndrome, as needed to investigate factors affecting PTE. Thus, the incidence and frequency of seizures observed in the rat are likely to exceed those reported in epidemiological literature, although the model's pathophysiology is still appropriate to investigate mechanisms and variability of PTE.
Location and Severity of FPI Affect Incidence of PTE, Seizure Frequency, and Speed of Epileptogenesis but Do Not Fully Account for PTE Variability Greater mechanical injury resulted in greater acute functional impairment (Fig. 1C) and chronic neocortical atrophy (Fig. 7F) . It also caused a higher probability of PTE (Fig. 1E ) just as in humans (Annegers et al. 1998; Aarabi et al. 2000; Herman 2002 ). This suggests that FPI shares important mechanisms of epileptogenesis with human PTE. The weakness of the correlation between injury site and PTE incidence could be due to the known diffuse injury component of FPI (Thompson et al. 2005) . Comparative data do not exist for human PTE. In FPI rats, seizure frequency ranged from 10/h to less than 1 a month (Fig. 3) and seizure duration ranged from 1 s to 2.5 min to status epilepticus (Table 1 ; Fig. 2; D 'Ambrosio et al. 2005 'Ambrosio et al. , 2009 , in agreement with the variability of human frontal lobe seizures determined by invasive ECoG (Williamson et al. 1985a; Williamson and Spencer 1986; So 1998; Jobst et al. 2000) . This large variability in seizure duration did not depend on injury location or severity (Fig. 2) but rather appeared to be an intrinsic property of the epileptic foci (D'Ambrosio et al. 2009 ).
FPI severity does affect the early rate of epileptogenesis since animals injured at 3.4 atm had a higher epilepsy incidence (Fig. 1E ) with a higher seizure frequency (Fig. 3) than at 2 atm in the early weeks after injury. This difference was not just due to a higher proportion of nonepileptic animals after milder injury but also to an overall lower seizure frequency and progression rate in epileptic animals (Fig. 3G ). Even after controlling for injury location and severity, animals presented quite different latencies to PTE, ranging from <2 weeks to 5 months (Fig. 4) , indicating that other important factors are at play. Notably, rpFPI at 3.4 atm resulted in neocortical focus that generates full seizure frequency within 3 weeks, while at 2 atm, comparable seizure frequencies did not occur even after 4.5 months (Fig. 3D) . The dependence of PTE progression on injury severity could be due to early seizures or hemorrhage, both risk factors for human PTE, and may partially explain the great variability in the time to diagnosis of human PTE. FPI in the rat produced remitting, stable, and progressive PTE (Fig.  4C ). There was a trend for remission to be more likely with caudal FPI locations (Fig. 1F ). Higher seizure frequency and the occurrence of more severe spreading G2 and G3 seizures or of multiple seizure types predicted failure to remit (Fig. 1G ) . This is consistent with clinical data. Cases of remitting, stable, and progressive PTE are also seen in humans (Caveness 1963; Salazar et al. 1985 Salazar et al. , 1995 . PTE may remit whether or not the patients take antiepileptic medications (Jennett and Lewin 1960; Walker 1962; Caveness 1963; Weiss and Caveness 1972; Caveness et al. 1979 ; Collaborative Group for the Study of Epilepsy 1992; Pohlmann-Eden and Bruckmeir 1997; Berg et al. 2009) , and a remission is more likely in patients with low seizure frequency, a single seizure type, and SPSs rather than CPSs (Caveness 1963; Salazar et al. 1985) .
Although many features of FPI-induced PTE depend on the location and severity of injury, a remarkable rat-to-rat variability was still observed in latency to seizure onset, seizure frequency, and epilepsy evolution over time despite the standardization of the posttraumatic hypoxia, the uniform age, and gender of the animals, and the small intertrial variation in the FPI pressure peak (Fig. 1B) . Thus, factors other than the location and severity of the injury are also likely to contribute to the heterogeneity of human PTE. Human genetic background is thought to be a key factor in PTE variability (Caveness 1976; Caveness et al. 1979) , and our studies employed genetically diverse outbred rats. The genetic background of animals has been shown to affect TBI outcome (Tan et al. 2009 ) and susceptibility to both acquired (Winawer et al. 2007; Mu¨ller et al. 2009 ) and idiopathic epilepsy (Inoue et al. 1990; Noebels 2003) . In humans, recent studies show that genetic polymorphisms, such as apolipoprotein E epsilon-4 allele (Chiang et al. 2003; Diaz-Arrastia et al. 2003; Lendon et al. 2003; Nathoo et al. 2003) , haptoglobin Hp2-2 allele (Panter et al. 1985; Sadrzadeh et al. 2004) , or IL-1b (511) allele 2 (Kanemoto et al. 2000; Virta et al. 2002) , may partially determine neurologic outcome after TBI and posttraumatic epileptogenesis (Sorbi et al. 1995; Hadjigeorgiou et al. 2005; Diaz-Arrastia and Baxter 2006) . The physiological state of the animal at injury may also affect epileptogenesis. TBI paired with peripheral bone fracture-a common occurrence in human head injury-resulted in more severe brain inflammation (Maegele et al. 2005 (Maegele et al. , 2007 that may affect epileptogenesis (Vezzani et al. 2008; Maroso et al. 2010 ). Further work is needed to determine which genes and physiological states are the most important determinants of posttraumatic epileptogenesis.
The Frontal Cortex Is More Prone to Epileptogenesis than Parietal and Occipital Neocortices
Head trauma is a common cause of frontal lobe epilepsy in humans (Rasmussen 1983; Williamson 1992) , and PTE patients most often develop frontal and temporal lobe seizures (Walker 1965; Hudak et al. 2004; Diaz-Arrastia et al. 2009 ). Human frontal and temporal cortices may be especially susceptible to contusion (Pohlmann-Eden and Bruckmeir 1997; Hartzfeld et al. 2008) due to the shape of the bony vault (Gurdjian et al. 1966) , which may explain why posttraumatic contusion is greater in frontal than in occipital cortex, even with caudal injuries (Goggio 1941; Sano et al. 1967; Adams et al. 1980; Besˇenski et al. 1996) . However, another factor at play may be the increased propensity to posttraumatic epileptogenesis of the frontal cortex. In the FPI rat, we found that frontal neocortex generated higher seizure frequency and faster epileptogenesis (Fig. 3) , longer seizure durations (Fig. 5B) , and frontal lobe seizures were the most common neocortical seizures in the early weeks postinjury regardless of injury location (Fig. 5A) . When considering only perilesional G1 seizures-to eliminate effects attributable to the bony vault and isolate the effects of the focal component of FPI from its diffuse effects-both mpFPI and cpFPI induced many fewer (Fig. 5C ) and shorter (Fig. 5B) perilesional seizures in the parietal/ occipital cortex (electrode 3) than rpFPI does in the frontal cortex (electrode 4). The mechanisms responsible for the predilection of the frontal lobe to epileptogenesis are unknown but could range from an intrinsically higher susceptibility to tissue damage due to the applied pressure, to the known tendency of prefrontal neurons to burst discharges and hypersynchronization (Shinomoto et al. 2009 ). Interestingly, we observed that the duration of frontal G1 seizures decreased linearly when the center of the craniotomy-where trauma was applied-was more distant from the frontal lobe (Fig 5B) . This indicates that FPI also recruits mechanisms of seizure maintenance and termination. However, seizure frequency decreased nonlinearly with distance from the center of craniotomy (Fig. 5C ), suggesting cellular and network mechanisms of ictogenesis differ from those responsible for seizure maintenance and termination.
Variable Semiology of FPI-Induced PTE Human PTE presents with a wide range of semiologies (Caveness 1963; Weiss and Caveness 1972) , and our data indicate this variability is likely to partially depend on the location and severity of injury. Clinical manifestations of partial seizures depend on the ictal sites and the areas of seizure spread (Commission on Classification and terminology of ILAE 1989; Engel 2006) , and the most common forms of human PTE are frontal and temporal lobe epilepsies, with or without dual pathology or secondarily generalization, while parietal or occipital epilepsies are uncommon (Jennett 1961; Ludwig et al. 1975; Williamson 1992; Marks et al. 1995; Diaz-Arrastia et al. 2000 , 2009 Hudak et al. 2004) . Similarly, our data show that FPI-induced PTE can be multifocal, with mpFPI and cpFPI more prone to induce multiple foci ( Fig. 5 ; Table 2 ) and seizures with different behavioral correlates depending on the location of the epileptic focus (Fig. 5D,E) and of different duration depending on the site of FPI (Fig. 5B) . Most animals had frontal neocortical or limbic epilepsy, regardless of FPI location, and parietal/occipital seizures were rare (Table 2) . Ictal behavioral changes associated with neocortical G1 and G2 seizures began simultaneously with the ECoG discharge (Fig.  6A,B) , while those associated with G3 seizures, which are of limbic origin (D'Ambrosio et al. 2005) , most commonly began several seconds before the cortical discharge (Fig. 6C) . Frontal lobe seizures in FPI animals were electrically and behaviorally consistent with those seen in humans, being most commonly associated with behavioral arrest, with or without mild automatisms (Geier et al. 1977; Williamson et al. 1985a; Williamson and Spencer 1986; Bancaud and Talairach 1992; Lu¨ders et al. 1992 Lu¨ders et al. , 1995 Swartz 1992; Salanova et al. 1995; So 1998; Ikeda et al. 2009) . The rare parieto--occipital neocortical seizures induced by rpFPI were never associated with behavioral arrest (Fig. 5E, left panel) . Accordingly, ictal behavioral arrests after cpFPI were seen with frontal lobe seizures (Fig. 5D , right panel) but not with perilesional parieto--occipital seizures (Fig. 5E, right panel) . The latter appeared subclinical but might be associated with subjective visual phenomena ) that cannot be assessed in animals. Frontal and limbic seizures with loss of body posture became progressively more common in rats over time (D'Ambrosio et al. 2005 (D'Ambrosio et al. , 2009 ) and had semiology reminiscent of human CPSs. Many of these seizures consist of stereotyped crouching down (Fig. 6C) sometimes with hindlimb dystonia, facial automatisms, or body myoclonus.
Evidence for 2 Different Mechanisms in Posttraumatic Limbic Epileptogenesis
An unresolved question is why frontal neocortical foci develop fully within 1 month post-FPI, while it takes several months for limbic foci to appear (D'Ambrosio et al. 2005) . One possibility is that frontal neocortical seizures may kindle the hippocampus since about 56% of frontal neocortical seizures spread to the hippocampus (D'Ambrosio et al. 2005) . Alternatively, limbic epileptogenesis could occur because of direct hippocampal injury but developing more slowly because deeper structures sustain a milder mechanical injury. Our data suggest that both mechanisms might have a role in limbic epileptogenesis, depending on the injury site. With rpFPI, the early rate of occurrence of neocortical frontal lobe seizures predicted the frequency of limbic seizures 4.5 months postinjury (Fig. 4E) , suggesting that kindling may take place. After cpFPI, the frequency of frontal seizures was approximately one tenth of that seen after rpFPI and did not correlate with the later development of the limbic focus, indicating that this limbic focus is likely due to direct injury. Consistent with this, rpFPI produces less hippocampal cell loss than cpFPI (Floyd et al. 2002) . These hypothetical mechanisms of epileptogenesis need to be directly tested with experiments to determine the effects of shutting down the neocortical focus on development of subcortical foci.
Comparison of FPI-Induced PTE across Laboratories Strikingly different PTE syndromes have now been described after FPI in 2 different laboratories. We (D'Ambrosio et al. 2004 (D'Ambrosio et al. , 2005 (D'Ambrosio et al. , 2009 Eastman et al. 2010 ) have observed frequent neocortical partial seizures that appear weeks after rpFPI, and gradually worsen in frequency and duration. A subcortical focus appeared months later and progressed to drive most seizures 7--8 months after injury. The semiology of most seizures was analogous to human convulsive SPSs and CPSs, and tonic-clonic convulsions were not observed. The Racine scale (Racine 1972) did not adequately characterize all observed seizures, and a new behavioral scale was developed. Kharatishvili et al. (2006) , in contrast, reported similarly progressing PTE syndrome after mpFPI but with lower incidence, longer latency, lower seizure frequency, and semiology with tonic--clonic seizures of limbic origin, and no neocortical seizures. Our data indicate that this lower seizure frequency is partially explained by mpFPI, which results in 10-fold lower seizure frequency than rpFPI under identical experimental conditions. However, the absence of neocortical seizures and the presence of tonic--clonic convulsions cannot be explained with variations in location and severity of injury. Our controlled comparisons show that neocortical epilepsy is always induced, to different extent, regardless of the location of FPI, and we observed no tonic--clonic convulsions in any experimental group.
Thus, other methodological differences (Table 3) could be a factor. Chronic tonic--clonic seizures have been observed after experimental neonatal hypoxia (Kadam et al. 2010; Klein et al. 2009 ). It is thus likely that severe posttraumatic hypoxia, which occur in the absence of acute postinjury respiratory support (Ishige et al. 1987a; Ishige et al. 1987b ), contributed to the development of tonic--clonic seizures in the FPI model of Kharatishvili et al. (2006) , in which posttraumatic apnea was not controlled. Also, that model uses older animals, which are more sensitive to head injury and epileptogenesis (Kelly 2010) , and a much more severe and diffuse injury than ours (larger craniotomy and longer FPI pulses), which is likely to cause greater damage to the brainstem, which is involved in generating tonic--clonic convulsions (Browning 1987; Gale and Browning 1988) . Differences in the detection and scoring of ictal activity may also contribute to the apparent absence of neocortical seizures and overall lower seizure frequency. We report all seizures with behavioral changes and epileptiform ECoG detected with 5 epidural electrodes (D'Ambrosio et al. (Devinsky et al. 1988; Leppik 1997 ) and since neocortical seizures are better detected by epidural electrodes. Another factor that may contribute to the different findings by Kharatishvili et al. (2006) is the very chronic depth electrode implantation that leads to inflammation (Holguin et al. 2007 ). Prolonged implantation of depth electrodes has been shown to facilitate kindling and worsen evoked seizures (Blackwood et al. 1982; Lo¨scher et al. 1995) , so the year-long depth electrode implantation employed by these authors during a time of rapid skull growth may cause additional brain injury. Consistent with this possibility, Kharatishvili et al. (2007) did not see chronic seizures when depth electrodes were implanted for less than a month, and Hunt et al. (2009) , who did not employ depth electrodes, did not observe Racine scale 4 or 5 seizures chronically after cortical impact injury in the mouse.
Conclusions
The frontal lobe and limbic system of the rat have major roles in posttraumatic epileptogenesis. The location and severity of injury determine some of the heterogeneity of PTE in the rat, and these factors likely have comparable roles in human PTE. However, much variability in seizure frequency and temporal evolution of the epileptic syndrome remains when these factors are controlled. Genetic background and physiological state at time of injury are likely contributors to this residual variability. Our data demonstrate numerous similarities between FPI-induced and human PTE and indicate that FPI is a relevant model of human PTE capable of reproducing important features, such as its heterogeneity. They also show that FPI delivered to the frontal lobe is particularly well suited for investigation of mechanisms and treatment of neocortical epileptogenesis.
